Silicon contamination adsorbed on pure Titanium plate during soaking test in Hanks' balanced saline solution (HBSS) and distilled water was investigated. Amounts of silicon eluted from various materials of vessels were determined by inductively coupled plasma atomic emission spectrometry (ICP-AES). The amounts of silicon deposited on the surface of pure titanium plates after soaking were evaluated by XPS. The amounts of eluted silicon in the solutions were dependent on the materials of vessels and pH value of solutions. The surface concentration of silicon on titanium plates reflected the amounts of eluted silicon in solutions. It is possible to reduce the silicon contamination by choosing suitable vessels as containers for solutions. However, in spite of using a vessel with no silicon elution, surface concentration of silicon on titanium plates was detected because of the silicon impurity of solution itself.
Introduction
Soaking test in Hanks' balanced saline solution (HBSS) and simulated body fluids have been widely employed as in vitro test for appreciating bone compatibilities. 1, 2) In general, it is suggested that the materials which can form hydroxyapatite (HAp, Ca 10 (PO 4 ) 6 (OH) 2 ) on their surface by soaking in HBSS have good bone conductivity. For precise evaluation of bone compatibility, it is necessary to except silicon contamination on surface of materials, because silicon on materials itself has a function to form hydroxyapatite on materials. 3, 4) However, by using XPS, we have found a large amount of silicon compounds on titanium plates in spite of using so-called silicon-free solutions. There is a possibility that the silicon contamination on the sample surface disturb precise evaluation of surface properties. Although we could think of several silicon origins, such as silicon contamination in water, impurities in reagents, and handling mistakes, the eluted silicon from vessels used for soaking tests might be the strong candidate for the silicon origin. There are several reports on the relation between the vessels used and the amount of the eluted silicon in soaking tests. 5, 6) However, there is no report for silicon adsorption on materials.
In this study, we investigated the relationship between used vessels used for soaking and silicon adsorption on materials soaked in HBSS. At first, we determined the amounts of eluted silicon from various vessels for confirmation. Then, we evaluated silicon adsorption on materials soaked in HBSS using various vessels. Relationship between silicon concentration in solutions and silicon adsorption on materials was also elucidated. These information is indispensable for the choice of vessel for soaking test to evaluate the biocompatibility exactly.
Experimental Procedure

Vessels for soaking test
The employed vessels for soaking tests were made of sodalime glass (SG), borosilicate glass (BG), polypropylene (PP), and perfluoroalkoxy (PFA). Details of these vessels were listed in Table 1 . All of these vessels were used for soaking tests after cleaning by immersion in a HNO 3 solution (3 molÁL À1 ) for 24 h followed by rinsing 3 times in distilled water.
Reagents 2.2.1 Hanks' balanced saline solution (HBSS)
The HBSS were prepared by dissolving, in turn, NaCl, CaCl 2 , KCl, NaHCO 3 , Na 2 HPO 4 , KH 2 PO 4 and MgSO 4 Á7H 2 O (Wako Pure Chemical Industries, Japan) in distilled water at room temperature. The solution was kept in a polycarbonate bottle. The ion concentrations of HBSS are listed in Table 2 .
Silicon standard solution (5 Â 10
À5 gÁL À1 ) 0.2140 g of SiO 2 was weighed into a platinum crucible and heated by Bunsen burner for 1 h. After cooling, the heated SiO 2 was fused with 2 g of Na 2 CO 3 for 1 h. The fused salt was dissolved and exactly diluted to 0.5 L with distilled water. The solution kept in a PFA bottle as a stocked solution. Finally, 2:5 Â 10 À2 L of stock solution was transferred into a polypropylene volumetric flask and exactly diluted to 0.1 L with distilled water before use.
Guaranteed-reagent grade regents were used for all procedures.
Determination of silicon by ICP-AES
Each vessel was filled with 6:0 Â 10 À2 L of the HBSS or distilled water. Distilled water was used for comparison. Two sets of samples were prepared from each combination of materials of vessels and solutions (HBSS or distilled water), where pure titanium plate (99.9%) was placed. The size of titanium plate was 10:0 mm Â 10:0 mm Â 1:0 mm, and the surface of titanium plates was mirror-polished with diamond-paste. Prior to soaking into solution, the titanium plate was ultrasonically washed in acetone and distilled water for 10 min. Vessels filled with solution were sealed with screw caps made of PP or PFA, and kept at 37.0 C for 14 d. After the allotted soaking period, titanium plates were removed from the solutions. The concentration of silicon in the solutions was measured by ICP-AES (IRIS Advantage DUO, Thermo Elemental, U.S.A). The operating conditions were listed in Table 3 . Standard solutions for calibration were prepared with dilution of silicon standard solution by distilled water.
Evaluation of silicon by XPS
After removed from solutions, the titanium plates were gently washed with distilled water, and dried with high-purity nitrogen gas. Three points on each sample surface were measured by XPS (SSX-100, Surface Science Inc, U.S.A). Al K X-ray source (h ¼ 1486:6 eV) was used for measurement. The photoionization cross-sections of the Ti 2p 3=2 , Si 2p, and C 1s levels relative to that of O 1s level used for calculations were 1.28, 7) 0.304, 8) and 0.341, 9) respectively. The spectrometer was calibrated according to a method as shown in previous papers. 10, 11) Because of charging effect, however, all spectra adjusted by taking the C 1s peak from contaminant carbon at 285.0 eV. Quantitative determination of the surface composition of titanium was based on a method proposed elsewhere. 12, 13) 3. Results and Discussion
Eluted silicon from vessels
The amounts of eluted silicon from various vessels were determined by ICP-AES. The relationship between the concentration of silicon contamination and soaking time was illustrated in Figs. 1(a) and (b). All values are averages of two specimens.
In distilled water in BG and PFA vessels, no eluted silicon is detected ( Fig. 1(a) ). However, about 1 mgÁL À1 and 0.1 mgÁL À1 of silicon are detected in the distilled water in SG and PP vessels, respectively, after 14 d soaking. Nominally, no silicon is included as a component of PP vessel, while silicon was detected by the soaking test. PP was examined by the electron probe microanalysis (EPMA). It was clearly shown by EPMA that silicon was included in PP in spite of its nominal composition. It was estimated that the origin of silicon in PP is the organosilicon used as catalyst for polymerization of PP.
In HBSS ( Fig. 1(b) ), the concentration of eluted silicon is increased in all vessels in comparison with distilled water. Especially, increases of silicon in the solution kept in SG and BG are remarkable. It is suggested that the pH value of the HBSS (pH = 7.6-7.8) will be the reason of the increases in these glass vessels SG and BG.
In Fig. 2 , ratio of silicon concentrations between HBSS and distilled water are shown. Here, the ratio for BG is extraordinarily large in comparison with the other materials, although the absolute values of silicon concentrations themselves are much smaller as shown in Fig. 1 . It means that the stability of the BG becomes low when the pH of solution becomes higher. In case of SG, concentration of silicon does not increase in such a higher rate as BG. The time dependence of silicon concentration for BG in HBSS shows a tendency of slowing down, suggesting its soluble silicon becomes depleted.
It can be said that, therefore, it is important to choose the suitable vessels as containers for solutions in the soaking test. Furthermore, it is clarified that it is important to check not only its nominal components but also its manufacturing process for prevention of contamination.
Silicon concentration on titanium plate
The surface of pure titanium plates immersed for 14 d was measured by XPS. No signal from the metallic state of titanium was observed. The spectra from titanium shifted toward higher binding energy by charging effect. The spectra were consequently shifted back by taking the C 1s peak position at 285 eV.
Since the analyzing depth of XPS is of the order of several nanometers in depth, thickness of surface film on the immersed titanium could be much thicker than the analyzing depth by XPS. The concentration of Si, Ti, and O obtained were, therefore, the average of the surface region within several nanometers.
In Fig. 3 , the concentrations of Si thus obtained are illustrated where [Si] and [Ti] denote cationic fractions of Si and Ti, respectively. It is clearly seen that the concentrations of Si on specimens immersed in solutions contained in vessels made of SG are significantly high. On the specimens immersed in the other vessels, the concentrations of Si on titanium are 1/5-1/9 in the distilled water and 1/4-1/6 in HBSS. In Fig. 4 the relationship between Si concentrations adsorbed on Ti plates and eluted in the solution after 14 d is demonstrated in logarithmic plot. At lower concentration of Si in the solution, there appears difference in adsorbed Si concentration; in HBSS, Si adsorption on Ti plate is more enhanced. At higher concentration, such as 1 mgÁL À1 on higher, it seems no difference between HBSS and distilled water.
Chemical state of surface silicon
The binding energy of silicon obtained from titanium surface is evaluated and listed in Table 4 . Data for silicatelike, and SiO 2 -like chemical states are also listed in Table 4 as reference. As a result, it is found that chemical state of surface silicon is in the silicate-like state rather than SiO 2 -like state.
Relationship between silicon concentration in solu-
tions and silicon adsorption on materials As shown in Fig. 4 , the relationship between the Si concentration adsorbed on Ti plates and the eluted Si in the SiO 2 -like 103. 5 14) solutions clearly shows that the relationship is dependent on the solutions. The difference might be caused by the ions dissolved in the HBSS and/or pH of the solution. In Fig. 5 , the XPS concentration of Si adsorbed to Ti plates during immersion in HBSS is plotted versus that in distilled water.
We can see a good relationship between the Si concentrations on Ti adsorbed in HBSS and distilled water, which is expressed as logf½Si=ð½Si þ ½TiÞ HBSS g ¼ log 5:28 þ 0:765 logf½Si=ð½Si þ ½TiÞ distilled water g:
Where [Si] and [Ti] denote concentrations of Si and Ti, respectively, on Ti plates determined by XPS. It means Si is more easily adsorbed on Ti plates in HBSS than in distilled water even the dissolved Si concentration is not different. Titanium is known as bone compatible material. If it is assumed that calcium phosphate is deposited on Ti plates soaked in HBSS, the difference of Si adsorption between distilled water and HBSS may be explained in term of the high ion adsorptive capacity of calcium phosphate. 15) In addition, the Si contamination in HBSS becomes much higher in comparison with that in distilled water as shown in Fig. 1 . Consequently, it is essential to choose vessels that do not contain any soluble silicon and, if possible, high purity distilled water to reduce Si contamination during long term soaking test of Ti plate in solutions such as HBSS.
3.5 Origin of the silicon adsorption on Ti plate soaked in PFA In spite that almost no eluted silicon was detected in solutions in PFA vessel, Si adsorption on Ti plate was found. Silicon contaminations of distilled water and HBSS before soaking test were also determined by ICP-AES. About 0.01 mgÁL À1 order of silicon were detected in both distilled water and HBSS. Since HBSS were made of distilled water and some reagents, there was no silicon contamination in reagents. It is, therefore, concluded that the origin of this silicon contamination was silicon impurity in distilled water.
It is possible to reduce silicon adsorption on Ti plate by choice of suitable vessels. However, it is impossible to make this silicon adsorption into zero. To make the silicon adsorption into zero, it is necessary to reduce the silicon impurity in the distilled water.
Conclusions
By studying the Si concentration on Ti plates during soaking in Hanks' balanced saline solution (HBSS), the following conclusions are drawn:
(1) The eluted Si concentration from the vessels depends on the materials of the vessels. It increases with the length of the period when solution is contained. 
